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We report on measurements of E diirelential cross sections and correlated b& cross 
sections in p@ collisions at fi = 1.b ?e\ with rhe Collider Detector at Fermilab 

(CDF). We have also measured the ratios of the branching fractions of B mesons 
hecayhg to a d’/+ and a light meson and 6 quark fragmentation fractions. The 

hb baryon production has been obrer\,ed using the decays Ab + Ate-&X and 

1 Introduction 

Production of b quarks in @ collisions constitutes a benchmark process for the 
study of perturbe.tive QCD. In high energy p$ collisions, the strong coupling 
constant, a,, becomes small enough for b quark production at sufficiently high 
momentum transl’er that perturbative QCD is expected to provide reliable prc 
dictions. The cross section for heavy quark production has been theoretically 
calculated up to the order of CX~. Measurements of 2~ quark cross sections at the 
Tevatron (4 = ;..8 TeV) show consistently higher values than the theoretical 
prediction. Several independent measurements can be made to understand this 
normalization difl’erence. A useful approach is to measure the cross section for 
different regions cd phase space (differential cross section) and compare it with 
the NLO QCD. We can also investigate production correlations between the 
two b quarks by measuring b& cross section, which gives further information on 
the underlying QCD production mechanisms. 

Bottom quar:rs produced in pi collisions hadronize to B hadrons, bound 
states of quarks including a b quark. The fragmentation fractions of a b quark 
into the B hadrons have been not directly measured in a hadron collider in 
spite of their importance in B studies. Experimental studies of the B hadron 

decays provide art opportunity to understand the behavior of the interactions 
between the quarks at short distance scales. In the CDF experiment, a sig- 
nificant number of B hadrons decaying semileptonically or hadronically have 
been observed for B+, B”, Bf , and A 6 s a t t es, which allows to study the relative 
production rate of the B mesons and the branching fractions. 
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Figure 1: J/UK incar-icint mass for F’F 1 6 Ge\‘/c. 

2 B Meson Differential Cross Section 

The first direct mtasurement of the B meson differential cross section, da/dPT, 
for the exclusive decays B+ + J/@Kf and B” -+ J/$K” based on 19.3 pb-’ 

of data from the 1992-1993 run (Run 1A) has been published previously l. 
The cross section:; were found to be higher than the NLO QCD prediction by 
a factor of 1.9 zk 0.3 while the shape of the cross section reasonably agrees with 

the theory. Here we extend the analysis using more data taken during the 
1993-1996 run (Run lB), representmg an integrated luminosity of 54.4 pb-‘. 
In this talk, we present the result for the decay Bt + J/$K+ only. The 
analysis using the decay B” + J/v~K” is in progress. 

The selection of B candidates starts with reconstructing a J/ll, with a 
muon pair. We r:quire the transverse momentum (PT) to be greater than 2 
GeV/c for both muons and the dimuon invariant mass to be less than 3a from 

the J/$ mass. The K candidates are required to have PT 2 1.25 GeV/c. The 
proper decay length of a B candidate, CT I L&rnB/PF, can be calculated 

using the transverse projection of the B vertex displacement (L&) and the 

B transverse momentum (P,“). The background from a prompt J/$ and a 
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Figure ‘2: El ciflerential cross sect~or~ cclmpared to the NLO QCD prediction. 

particle from the primary vertex 1s significantly reduced by requiring CT to 
be greater than 100 pm. The resulting invariant mass distribution of a J/$ 

candidate and a kaon candidate is shown in Figure 1. 
The B meson differential cross section, da/P,, is calculated as follows. 

da 1vB 

&= 2. J dtC . A . e. Br(B --+ Jj$K) + Br(J/+ + p+p-) - APT (1) 

where NB is the number of B mesons, SdtC is the integrated luminosity, A 
is the detector ac:eptance, e is the detector efficiency, and APT is the width 
of the PT bin. The combined branching ratio ‘, (6.55 f 1.01) x 10m5, is used 

for the B+ -+ J/$K+ and J/4 -+ p+pL- decays. A Monte Carlo based on 
the NLO QCD is employed to estimate the acceptance for each PT bin. In 
the Monte Carlo, we use the MRSDO structure functions3, the normalization 
scale p = m,bz where b quark mass, mb, is set to be 4.75 GeV/c’, the 
Peterson fragmenl.ation parameterization a 
of 0.006 5. 

with a fragmentation parameter (e) 
The efficiency for the R mesons is measured using inclusive J/$ 

data and the full ‘detector simulation. 
We combine the Run 1A and Run 1 B results by weighting each set of mea- 

surements by their respective statistical errors. Figure 2 shows the combined 
cross sections. The cross sections are plotted at the mean PT value of the data 
points. The solid curve shows the KLO QCD prediction and the dashed curves 
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indicate the change in the theoretical prediction, associated with uncertainty 
in the b quark mass, the renormalization scale, and the fragmentation parame- 
ter. We also plot the ratio of the data and the NLO QCD prediction in Figure 

2. The shape of the cross section is found to be consistent with the theoretical 
prediction within the uncertainties. A fit to data yields an overall scale factor 
of 2.1 k 0.2, consistent with the Run 1A result. 

3 b6 Correlated Cross Sectiorr 

The production cf bb pairs in ti collisions is studied using high mass dimuon 
data (M ,,,, 2 5 CeV/c*) from the 1992-1993 run. Dimuon events result from 
decays of bi; and CE, the Drell-Yan process, T decays, and decays of x or K 
mesons. For the separation of bh events from others, we make use of the pre- 
cision tracking provided by the CDF silicon vertex detector. Specifically, the 
impact parameter of a muon is used to determine the b6 content of the &muon 
data. The impac; parameter is defined as the distance of closest approach to 
the primary vertex in the transverse plane. The impact parameter distribu- 
tion for particles from decays of long lived B hadrons shows broader spectra 
than those from prompt decays or charm decays, which allows the fraction of 
b6 events to be determined by the fit in the impact parameter space. Since 
there are two muons in an event, a fit is performed in the two dimensional 
impact paramete.: space where each axis represents the impact parameter of 
one of the two mrons. We use a binned log likelihood method in the fit. The 
likelihood functicn consists of four main components - bb events, cE events, 
prompt dimuon tvents, events with a muon from bottom decay and a muon 
from prompt decay. Prompt dimuon events include those from the Drell-Yan 
process and r decays. Muons from decays of a pion or a kaon are also regarded 
as prompt muona since the CDF track reconstruction algorithm removes de- 

cay muons with a discernible kink. The impact parameter distributions for CE 
events and events with a bottom muon and a prompt muon is found to be very 

similar to each other so that a linear combination of these two components is 
used in the fit. Figure 3a shows the projections of the two dimensional dis- 
tributions from the data and the contributions of each component obtained 
from the fit. The: b6 cross section is obtained by dividing the number of b6 
events by the acceptance, the detector efficiency, the branching fraction2 for 
the dual semileptonic decay of a bb pair, (1.06 f 0.10) x 10e4, and the ink- 

grated luminosity JdtL (17.4 pb- from Run 1A). The muon efficiencies are 
measured using rr uons from J/ii, decays. The acceptance is determined using a 
b6 Monte Carlo generator based on the NLO QCD calculations and the CLEO 
Monte Carlo program6 for b decays. For the measurement of b6 cross sections 
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Figure 3: a) CornprAwn between the Iar<tjertions of the data distribution and a sum of 

the 3 components. ‘Ihe contribution of b/J tvents is denoted by dashed line, that of prompt 

dimuons by dotted liTe, and that of CE ev, nfs ad events with a 6 muon and a prompt muon 

by dash-dotted line. b) u(Pr(b) 2 6.5 Ge\‘/c, f+(6) 2 PFinq jub,&l 5 1). 

with different PT ,;hresholds, we use three different data samples corresponding 

to three different intervals in PT of 6 quark: 3-5, 5-7, and > 7 GeV/c. The 

PT threshold of 6 quark, PFi”, is chosen such that 90% of muons satisfying 
the above PT thresholds come from bottom decays with PT(~) > PFin. The 
measurements of the b6 cross section are shown in Figure 3b. The uncertainty 
of the theoretical prediction (dashed line) is obtained by varying the QCD 
parameters withir. the range of acceptable values. The data is systematically 
higher than the QCD calculations. The variation of the cross section with 
different PT thresholds is consistent with the theoretical prediction. 

We have also investigated correlations between the two muons from b6 
decays. The geometrical correlatiorls is studied by examining the opening an- 
gle between the muons in the transverse plane. The two dimensional impact 
parameter fit is performed in each 64 bin to obtain the number of b6 events. 
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Figure 4: (a) Oprning angle distributiorl between the two muons from bb decays for 

PT(pb), PT(JQ) 2 3 GeV/c. (b) /‘=(~a) distribution for /‘=(/.I*) 2 3 GeV/c. 

For the study of kinematic correlations, PT,(c(~) distribution with PT(~L~) 2 3 
GeV/c is obtained using the impact parameter fit for each Pi bin. The 
results are shown in Figure 5 and are compared to the prediction based on the 
NLO QCD calculations. The shape of Pi and the opening angle distribu- 
tions are adequately described by the theoretical prediction. 

4 Bottom Meson Branching Fractions Involving .7/$ Mesons 

The exclusive B decays involving a J/ll, meson have been observed and dis- 

cussed in several CDF papers. In this analysis, we meaSure the ratio of the 
branching fracticns of these decav modes and the fragmentation fractions 
for B mesons. ?he decay modes used are B+ + .l/$K+, B” -P J/1/@, 
B+ -+ J/$K’(892)+, B” - J/$K’(892)‘, and By -+ J/$4(1020). 

We reconstruct a J/$ + p+p- candidate by requiring the lowest and 
highest muon PT to be greater than 1.8 and 2.5 GeV/c, respectively. For the 

B+ + J/$K+ decay, we require Py (K+) 2 1.5 GeV/c and the resulting B 
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Figure 5: Invariant rnr~s spectra for B+ mesons. 

Figure 6: Invariant ml~s spectra for E” mesons. 

candidate to have PT 2 8 GeV/c. We also require the proper decay length of 
a B candidate (defined in section 2) to be positive in order to reduce the back- 
grounds from prompt J/$J production. The reconstruction of the four other 
decay modes are performed with similar cuts on the strange mesons. The in- 
variant mass distr!.butions of the reconstructed B mesons are shown in Figures 

5, 6, and 7. We use a 19.6 pb-’ of data from the 1992-1993 run. The numbers 
of the reconstructed B mesons are found to be 154 f 19 for B+ -+ J/$K+, 
36.9 f 7.3 for B” ---) J/+Kf, 12.9 k 4.3 for B+ + J/$K’+, 95.4 f 14.3 for 
B” + J/$K’O, and 29.4 f 6.2 for B” --+ J/$+ The number of the observed 
B+ mesons, N,y, ibr the B+ -+ J/vK+ decay can be written as follows. 

NE+ = a(p@ + 6) fU . Br(B+ + Jl$K+). Br(J/$ - p+p-) - Aa e (2) 
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Figure 7: Invariant rmes spectra for Et mesons. 

where fu is the fragmentation fraction into a B+ meson, A is the acceptance 
and e is the detector efficiency. The cross section for b production, the branch- 

ing fraction for J/* -+ p+jb-, and the muon acceptance and efficiency are 
common factors in the expressions for the other decay modes. The acceptance 
and efficiency for a strange meson are determined with a Monte Carlo method 
employing the fuU CDF detector silnulation. By taking ratios of the number of 

the observed everts for the decay modes, we obtain the ratios of the product 
of the branching iiactions and the fragmentation fractions. 

Assuming that f,, = fd and f, = (0.4010.06)fug~10, we extract the brench- 

ing fraction of the Bf + J/T+!$ decay using the ratios between the number of 
the Bf mesons ar.d the other B mesons and the world averaged values of the 
branching fractions for the other four decay modes. Using this method, we 

obtain the branching fractions as follows 

Br(B+ + J/$K+) =: (0.82 i 0.18f 0.07) x 1O-3 (3) 

Br(B' + J/$K,U) = (1.14 f 0.27 310.09) x 1O-3 (4) 

Br(B+ + J/+K'+) = (1.73i 0.555 0.15)x 1O-3 (5) 

Br(B' -t J/$K“) = (1.39k 0.32f 0.11) x 1O-3 (6) 

B+(B,O ---t J/$4) = (0.93 f 0.28f 0.17) x 1O-3 (7) 
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Figure 8: Ratio of branching fractions. The measurements are denoted by the Elied box 
with a error bar and the”) etical prediction by open triangles. 

We have comparl:d our measured ratios of the branching fractions with a cal- 
culation l1 of the decays of B mesons. using the factorization and heavy quark 
symmetries. The results are shown in Figure 8. The predictions agree very 
well with the observed values. 

We also extract the fragmentation fractions for B mesons using the theoret- 
ically predicted ratios of the branching fractions l1 and an estimate for the frac- 
tion for Ab ‘*, f*, = 0.096 k 0.017. We determine that f,, = 0.39 f 0.04 f 0.04, 
fd = 0.38f0.04f0.04, and f, = 0.1310.03~0.01, which implies the suppression 
of ss production relative to UC and dd production in a b quark fragmentation. 

5 Ab Production 

5.1 Semileptonlc Decay of Ab 

We report the observation of Ab baryons through the decay mode Aa + 
Aze- fi.X where A, --) pK-K+. We use the data from the 1992-1993 run, 
corresponding to an integrated luminosity of 19 pb-*. 

The electrons are required to have ET _> 9 GeV. The main cuts used for 
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Figure 9: Invariant :nass distributiajn of 1, candidates in the electron data.(a) Right-Sign 

(F:S) combination (b) 11 rang-Sign (WS) combination. 

the reconstruction of AC are the proton and kaon PT cuts which are &(p) 2 

2 GeV and &(K) 2 1 GeV/ c, respectively. For the signature for Ab baryons, 
we use charge correlation between the electron and the A, baryon in a Aa de- 
cay. The right sil3r-r (RS) combination is for the A, and the electron to have 
opposite charges. If the A, and the electron have the same charge, they make 
a wrong-sign (W S) pair. Figure 9 shows the invariant maSs distribution of 

A, candidates for the right-sign (RS) and wrong-sign (WS) combinations. We 
observe 33.7 f 9.1 events in the RS peak and no discernible WS peak. The 
backgrounds frorr fake electrons or fake A, equally contribute to the RS and 

WS combinations. The lack of a WS peak indicates that these backgrounds 

do not contribute to the RS Ab signals. Other physics processes which may 
contribute to the RS peak are the decay B” + e- D’+X where D*+ + D”x+ 
and Do -+ K+r-‘ and the decay E? ---t A,’ D; X followed by 0, -+ e- PRY. 
The contributions of these decay modes to the signal have been found to be 
negligible. 

From the number of the observed A& events, N,tb, we determine the prod- 
uct of the fragmentation fraction f ,b and the branching fraction Bs(Ab -+ 

A:e-fieX)Br(A, -+ pK-rf) as follows. 

ffb . f,,, . Br =I 
NA* 

2.SdtL.A.e 
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where fib is the inclusive b cross section and alI other notations are defined in 
the same way as in Sections 2 and 4. The acceptance A and the efficiency e 
are obtained using a Monte Carlo simulation. In the Monte Carlo simulation, 
an ISGW-based decay distribution is used for the Ab decay. Using the CDF 

measurement of the b cross section, 6b(& 2 10.5 GeV/c, lyl 5 1) = 1.99 f 
0.30 * 0.38pb ‘, we obtain f,lbBr(Ah -+ A,fe-fi,X)Bt(A, + pK-x+) = (9.3f 
2.5:4,$)x lo-*. Th e d ominant systematic uncertainty comes from the At, decay 
model. We obtain a variation of 25% when a V-A model is used instead. 

5.2 Etclusiue Decay of Ab 

We present the measurement of the branching fraction of the decay A& - 
J/$JA using all tne data taken from 1992 to 1996, representing an integrated 
luminosity of 115 pb-‘. In order to avoid additional uncertainties due to the b 
quark production and the detection efficiency, we study the relative production 
rate of the At, baryon to the B” meson using the exclusive decays. The decay 
B” + J/$Kf is .rsed for the comparison to the exclusive Aa decay. 

The J/$ candidates are selected by requiring both muons to have PT 2 
2 GeV/c. The long lived A and KY particles are identified by requiring the 
transverse decay length from the primary vertex to be greater than 1 cm. The 
proton and the pions in the decays A + px and Kf -+ x+x- are required to 
have PT 2 0.4 GeV/c. The invarrant mass distributions for the Aa and Kt 
candidates are shown in Figure 10. In the Figure, the left plots are obtained by 
requiring all the decay particles to be found in the CDF silicon vertex detector 
(SVX). If we remove this constraint, we obtain additional signals as shown 

in the right plots, which are not used in this analysis due to the potential 
risk of introducing larger systematrc errors. The ratio of efficiencies has been 
determined from Monte Carlo consisting of the NLO QCD b generator, the 

CLEO decay package6, and the full detector simulation. The largest systematic 
arises from the uncertainty in the At, polarization, P(Ab). We observed the 
variation (- 30%) for P(Ab) = f 1. Using the relative efficiency, the number 
of the observed events, Bt(A + px) = 0.639 f 0.005, and Bt(Ki -+ &r-) = 
0.686’, we calculate the ratio of the product of the fragmentation fraction and 

the branching fractions as follows. 

f.t,Br(b - J/WA) 
fsoBr(BO - J/,+.K,Oj = Oe3’ * “15 * “12 

Assuming that f.,,/fd = 0.1/0.375 and Br(B” + J/$JK~) 2= 3.7 x lo-*, we 
have Br(Ab + J/‘$A) = (4.3 & 2.1 f 1.6) x 10s3. 
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Figure 10: Invariant nmss spectra for A* and B” 
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